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Foveated wide field-of-view imaging for missile warning/tracking using adaptive optics 
 
1. Objectives: 
 The main objective of this program is to develop high birefringence, low viscosity, and high resistivity liquid crystal (LC) mixtures 
for foveated imaging using a high resolution transmissive spatial light modulator.  
 
2. Status of Effort: 
We have synthesized five different classes of isothiocyanates liquid crystals and evaluated their mesomorphic properties and electro-
optical performance. These new LC single components show a high birefringence and relatively low viscosity. However, their melting 
temperatures are relatively high because of their long molecular conjugation. To lower the melting points, we have formulated eutectic 
mixtures.  
 
3. Accomplishments 
3.1 Motivation 
For adaptive foveated imaging using a high resolution spatial light modulator (SLM), high birefringence and low viscosity LC 
mixtures are highly desirable. A higher birefringence enables a thinner LC layer to be used which results in a faster response time. 
Low viscosity is always favorable as it helps to reduce the SLM response time. For the thin-film-transistor (TFT)-addressed SLM, 
high resistivity is an additional requirement. Sample of such high birefringence mixtures were delivered to BNS for SLM integration, 
according to roadmap of the project. High performance SLM were further delivered to Sandia National Lab for foveated imaging 
system demonstration.  
 
3.2 High birefringence and fast-response time liquid crystals 
 
We developed several different classes of liquid crystal single components based on isothiocyanate (NCS) terminal group. The NCS 
compounds are less viscous than the CN ones; but on the other hand, they tend to exhibit smectic phases. The CN group has a larger 
dipole moment (µ=3.9D) than NCS (µ=3.7D) because of its linear structure. However, due to the very strong polarization of the 
carbon-nitrogen triple bond, the Huckel charges of carbon and nitrogen are high and well localized. Accordingly, dimmers are formed 
by strong intermolecular interactions between the nitrile groups. This is the main reason responsible for the observed relatively high 
viscosity of the cyano-based LC mixtures. In contrast, the dipole moment of the NCS group is ~30% lower than that of a CN. The 
NCS compounds do not form dimmers so that their viscosity is lower than the corresponding CN compounds. The LC single 
compounds we developed contains a highly polar isothiocyanato (-NCS) terminal group. To provide extended p-electron conjugation, 
the rigid cores of the components were designed to be either aromatic multiple rings structure (terphenyl, quaterphenyl), tolane or 
blend of both types (phenyl-tolane). Table 1 shows some exclusive examples of high birefringence structures according to the level of 
birefringence exhibited by the compounds synthesized for the project. 
 
Table 1. Examples of the structures developed within the timeline of BOSS project. 
No Structure Phase Transition Temperatures [°C] 

LC compounds with ∆n~0.35-0.40 

 

 

Cr 109 N 240 Iso 

 

 

Cr 78 N 239 Iso 

 

 

Cr 76 Iso 

 

 

Cr 49 Iso 
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Cr 107 N 212 Iso 

 

 

Cr 100 S 156 N 187 Iso 

LC compounds with ∆n~0.40-0.55 

 

 

Cr 147 N 245 Iso 

 

 

Cr 104 N 207 Iso 

 

 

Cr 65 (SmB 50) N 212 Iso 

 

 

Cr 146 N 255 Iso 

 

 

SmB 114 N 280 Iso 
 

 

 

Cr 155 N 300 Iso 

 

 

Cr 109 N 306 Iso 

 

 

Cr 156 N 300 Iso 

 

 

Cr 166 N 317 Iso 

LC compounds with ∆n~0.60-0.70 

 

 

Cr 217 N 322 Iso 
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Cr 128 N 242 I 

 

 

Cr 142 Sm-X 184 N 252 Iso 

LC compounds with ∆n~0.70-0.75 

 

 

Cr 178 SmA 250 N 342 Iso 

 

 

Cr 128 SmA 160 N 256 Iso 

 

 

Cr 106 N 244 Iso 

 
 
In general, with increasing π-electron conjugation, significant increase of melting point temperature is observed. It is balanced at some 
level by mono or multiple lateral substitutions. As for the BOSS mixtures formulation the structures (A) and (B) are most attractive 
among presented in Table 1. The detailed analysis of the electro-optical performance of the tolane and phenyl-tolane compounds 
family was described in the 2006 and 2007 reports. Those compounds typically show ∆n~ 0.35-0.50 at λ=633 nm wavelength and 
room temperature. The lateral fluoro substitution near the NCS group serves for three purposes: 1) it lowers the melting temperature of 
the single compound, 2) it increases the resistivity of the compounds, and 3) it increases the dielectric anisotropy which is helpful for 
reducing the operating voltage. A tradeoff is that it also reduces the birefringence and increases the viscosity. 
  

P1

P2

R NCS

(A) 

R

F

F

NCS

(B) 
 
Structure A could be a single or double fluorinated phenyl-tolane and B is a (3,5) difluorinated tolane. We confirmed that from optical 
response time judged by Figure-of-Merit (eq.1), this kind of molecular structure exhibits the most attractive balance between high 
birefringence (∆n) due to the elongated π-electron conjugation length and rotational viscosity.  
 
We developed and delivered five different mixtures within the timeline of the project. Table 2 shows the electro-optical properties of 
the delivered mixtures in comparison to popular, commercially available, high birefringence E44 mixture from Merck. 
 
Table 2. Electro-optical and physical properties for Merck’s E44 and BOSS mixtures.  

 E-44 
(Merck) 

BOSS-1 BOSS-2 BOSS-3  BOSS-4 BOSS-5 

Physical Properties              @ 25C, 1kHz  

Vth  [Vrms]  1.8 1.6  --  --  1.4  1.3  

ε||  17.8 19.8  --  --  21.1  27.0  
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ε⊥  4.1 4.2  --  --  3.9  4.2  

∆ε  13.7 15.6  --  --  17.2  22.8  

Electro-optical Properties           @ 25C, 1kHz  

∆n  (633/530nm)  0.25/0.27 0.38/0.42 0.49/0.53 0.52/0.56  0.44/0.49 0.45/0.49 

γ1/K11  [ms/mm2]  22.8 10.5  25.0  40+  11.3  12.6  

FoM    [mm2/s]  2.7 13.8  9.6  <5.0  17.1  16.2  

Mesomorphic Properties  [Phase Transition Temperature]       @ 5deg/min  

TM*/TC    [°C] 
*Cr(S)->N  

-6/100 -10/110  12/168  16/210  18/110  4/126  

 
 
All developed mixtures show a birefringence ∆n~0.4-0.5 at room temperature condition and visible wavelength. As already mentioned 
above, increasing conjugation length through the molecule also results in an increased rotational viscosity. Moreover, melting point 
temperature becomes unfavorably high, see Table 1. If only birefringence is considered, the best performing mixture among presented 
in Table 2 is BOSS-3 with ∆n~0.52/0.56 measured at λ= 633nm and 530nm wavelength. At the same time mixture BOSS-3 exhibits 
the highest visco-elastic coefficient (γ1/K11) due to increased rotational viscosity. All together, despite its highest birefringence, its 
Figure-of-Merit is the smallest. This makes BOSS-3 less attractive for practical applications. When mixture BOSS-1, BOSS-4 and 
BOSS-5 are compared, beside of birefringence and visco-elastic coefficient, the mesomorphic properties come to play an important 
role. In this category BOSS-1 mixture is the most favorable as its melting temperature is the lowest among the developed mixtures. 
The FoM of BOSS-1 averages at ~14 µm2/s, which assures a fast response time with the visco-elastic coefficient of 10.5 ms/mm2, 
which is the lowest for the mixtures presented in Table 2. Tests performed at BNS facility have proven that BOSS-1 is the most 
promising one from the application standpoint. Therefore BOSS-1 mixture was further modified and synthesized in large quantity for 
ionic purification. LC mixture resistivity is an important parameter especially for active matrix-based spatial light modulator. A low 
resistivity LC mixture could not hold the displayed image steadily leading to image flickering. The LC resistivity could be affected by 
impurities. A certain amount of impurities always exists in organic compounds and mixtures. They can be of different kinds: 

1. Non-polar, non-dissociation like neighbored homologues of a given compound. Such impurities can be determined by 
calorimetric (DSC) or chromatographic (GC or GC/MS) methods. They only have a minor influence on the resistivity of the 
LCs. 

2. Polar, completely dissociated like inorganic salts, acids or bases as residuals after syntheses. Even a small amount of such 
impurities have a major influence on the LC resistivity. This type of impurities can be easily determined by resistivity 
measurements. Typically they are relatively easy to be removed from the single compounds during recrystallization processes.  

3. Polar, partially dissociated like organic acids, phenols or bases. Their dissociation level depends on the dielectric constant of 
the whole LC mixture system. They change the electrical resistivity drastically and can be reduced by repeating the 
purification processes.  

In order to obtain high chemical stability, all the BOSS-1 mixture compounds were synthesized with special attentions paid to the 
chemical purity. The chemical purity of the single compounds and also all the intermediate products was measured by GC/MS (gas 
chromatography/mass spectroscopy) method and an average value of 99.99 % was obtained for the final structures by using FID 
(Flame Ionization Detector) detector at the GC part of the setup. The ion purification process requires large quantity samples in order 
to obtain a high value of resistivity. BOSS-1 mixture was purified in multistep ion exchange procedures. The resistivity of BOSS-1 
was measured to be ~10+13 Ohm, see Table 3. 
 
Table 3. Resistivity measured before and after the ion purification process. 

 

Sample Resistivity 
[Ohm] 

Recovery 
[gm] 

Water content 
[ppm] 

BOSS -1A (Before) 8.2*E+10 23.0 96 

BOSS -1A (After) 1.1*E+13 15.0 85 
 
Photochemical stability is also an important issue in case of the high birefringence LCs. We measured electro-optical performance and 
all of the parameters listed in Table 2 vs. exposure time. The wavelength range of the light going through the sample was adjusted to 
the range of 432-682nm. The power of the collimated beam was estimated to be ~100-120 mW/cm2. Very promising results were 
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obtained within 80 hours of continuous exposure. There was no noticeable change of the measured value of: threshold voltage, 
dielectric and elastic constants as well as birefringence and rotational viscosity within the time of exposure. The clearing point 
temperature (Tc) remains the same. In order to check the thermal stability of our high birefringence BOSS mixture we choose a 
temperature of 125°C which is 15 degrees above the clearing point. We measured total phase retardation (at 70°C) and calculate the 
birefringence and visco-elastic coefficient periodically during this test. The Figure-of-Merit value was also calculated. During the test 
period we did not observed any change of the optical threshold, birefringence or visco-elastic coefficient value. 
 
4. Summary  
 
All tests performed show that BOSS-1 type mixture overpasses commercially available high birefringence mixtures in terms of 
electro-optical performance while its photochemical and thermal stability allows the applications in the visible and infrared spectral 
regions. Therefore, BOSS-1 mixture has strongest application potential among mixtures developed within the project timeline. BOSS-
1 enables switching speed 3X shorter than achieved with a commercial LC when used in a reflective 512x512 LCoS at λ=633 nm. 
When BOSS-1 was used in a transmissive 1280x1024 SLM, its switching speed was ~6X faster than that of a commercial LC mixture, 
according to BNS data. The difference is due to different cell gap employed. Our high birefringence and relatively low viscosity LC 
enables a thinner cell gap to be used, which leads to a faster response time.   
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